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Influence of serum proteins on net fluid reabsorption
of isolated proximal tubules
JARED J. GRANTHAM, PATTI B. QUALIZZA and LARRY W. WELLING
Departments of Medicine and Pathology, University of Kansas Medical Center, Kansas City, Kansas
Influence of serum proteins on net fluid absorption of isolated
proximal tubules. To determine the direct effect on net fluid
absorption of serum proteins in the peritubular fluid, isolated
segments of proximal convoluted (PCT) and straight (PST)
tubules were studied in vitro. The tubular lumen was perfused
at one end with a micropipet; the other end was occluded. Net
transtubular isosmotic fluid absorption at 37° C was determined
from the clearance of 3H20 out of the perfusion pipet. In a bath
of rabbit serum or 6 g/100 ml bovine albumin in Ringer's media,
net absorption was approximately three-fold greater in PCT's
than in PST's. Net absorption was directly proportional to
tubular length and was markedly inhibited by ouabain. Increased
intralumenal hydrostatic pressure did not affect net absorption
significantly. Rapid lowering of the bath protein to less than
6 g/l00 ml caused net absorption to decrease; in both proximal
convoluted and straight tubules net absorption was reduced
about 40% in a bath containing 0.3% serum protein. When
the bath protein was increased from 6% to 10%, net fluid
absorption decreased slightly. On the basis of these studies we
conclude that net fluid absorption of proximal tubules is relatively
independent of the difference in either hydrostatic or oncotic
pressure between the tubular lumen and peritubular fluid. It is
suggested that peritubular serum proteins may influence net
absorption at the antilumenal side of the epithelial cell, perhaps
by facilitating the movement of absorbate across the tubular
basement membrane.
Influence des protéines du serum sur l'absorption nette de
liquide par les tubes proximaux isolés. Af in de determiner l'effet
direct des protéines du serum sur l'absorption nette de liquide,
des segments isolés de tube contourné proximal (PCT) et de
tube droit (PST) ont été étudiés in vitro. La lumiére tubulaire a
été perfusée a une extrémité au moyen d'une micropipette, l'autre
extrémité a eté occluse. L'absorption nette et iso osmotique de
liquide a 37° C a été dCterminée a partir de Ia clearance de
3H2O a Ia sortie de la pipette de perfusion. Dans un bain de
serum lapir ou dans un Ringer contenant 6.0 g/l00 ml d'albumine
bovine l'absorption nette était approximativement 3 fois plus
grande dans le PCT que dans le PST. L'absorption nette était
directement proportionnelle a Ia longueur du segment tubulaire
et était nettement inhibée par l'ouabaine. L'augmentation de Ia
pression hydrostatique intraluminale n'a pas affecté l'absorption
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significativement. La diminution rapide de Ia concentration de
protéines dans le bain a moms de 6.0 g/I00 ml a déterminé une
diminution de l'absorption nette. Celle-ci était réduite d'environ
40%, aussi bien dans PCT que PST, dans un bain contenant
0.3 g/100 ml de protéines. Quand Ia concentration des protéines
du ham a été augmentée de 6% a 10% l'absorption nette a
légérement diminué. Sur Ia base de ces résultats nous concluons
que I'absorption nette de liquide par les tubes proximaux est
relativement indépendante de Ia difference soit des pressions
hydrostatiques soit des pressions oncotiques entre Ia lumiére
tubulaire et le liquide péritubulaire. 11 est suggéré que les protéines
sériques péritubulaires peuvent influencer l'absorption nette du
cOté antiluminal de Ia cellule épithéliale, peut-être en facilitant le
mouvement de l'absorbat a travers la membrane basale tubulaire.
For many years investigators have puzzled over the role
of peritubular oncotic pressure in the mechanism of renal
proximal tubular fluid absorption. It had been suggested
that proximal tubular absorption may depend primarily on
the passive flow of solute and water flow from tubule lumen
to peritubular capillary as a consequence of the difference
in colloid osmotic pressure. Three observations do not
support the passive absorption hypothesis: 1) in the pres-
ence of impermeant molecules (raffinose or mannitol) the
steady state concentration of sodium chloride in the tubular
lumen is decreased with respect to that of plasma, indicntive
of active electrolyte transport [1, 2]; 2) the hydraulic con-
ductivity of the tubular epithelium is too low for absorption
to be driven by the recognized oncotic force only [2, 3]
3) infusion of isoncotic fluid into the tubular lumen has
little effect on net fluid absorption [4, 5]. In view of such
evidence investigators, with a few exceptions [6, 7], now
subscribe to the view that the primary step in transtubular
fluid absorption involves the active transport of sodium
from the lumenal fluid into the renal interstitium.
In the scheme of proximal tubular absorption peritubular
oncotic pressure is now viewed in a different context. It
has been suggested that the balance of Starling forces across
renal peritubular capillaries may determine the rate of uptake
of tubular absorbate into the vessel, and thereby, influence
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net proximal tubular fluid absorption [8—10]. In this regard,
Brenner and Troy [11] report evidence to indicate that the
concentration of serum proteins in the peritubular capil-
laries is critically important. It was observed that the direct
infusion of hypo-oncotic fluid into efferent arterioles caused
a reduction in fluid absorption of the adjacent proximal
tubules whereas infusion of isoncotic fluid had no effect.
Based on these studies, it was posited that a decrease in
peritubular capillary uptake of absorbate resulted in a
secondary effect on the proximal tubule to decrease net
fluid transport, and vice versa. Still in question, however,
is the mechanism whereby changes in peritubular capillary
oncotic pressure modulate active tubular solute transport.
It may be inferred that a sudden reduction in peritubular
capillary fluid absorption will cause the volume of the renal
interstitium to increase, and thereby, lead to a reduction
of interstitial fluid protein concentration as well as an
increase of interstitial pressure. Accordingly, in the present
study we have investigated in isolated perfused tubules the
possibility that changes of peritubular protein concentra-
tion may influence the rate of tubular fluid absorption
independent of changes in extratubular fluid volume,
capillary blood flow, and hydrostatic pressure.
Methods
Female New Zealand white rabbits (1.5 to 3 kg) were
fed a standard chow and had free access to water prior
to the experiment. Pentobarbital, 60 mg, was rapidly
infused into an ear vein for anesthesia. The left kidney
was excised and a thin slice placed in a dish of chilled
rabbit serum. Individual tubular segments were dissected
from the cortex using forceps as described previously [12].
We used proximal convoluted tubules (PCT) from the
middle portion and proximal straight tubules (PST) from
the outer two-thirds of the cortex. The average length of
PCT's was 1.1 and PST's 1.9 mm.
Method of perfusion. The individual tubular fragments
were transferred to a chamber containing 1.2 ml of rabbit
serum at room temperature (23 to 25° C). The bath was
stirred by a fine stream of 95% 02—5% CO2. The tissue
was observed with an American Optical Stereo Microscope
at 100 x. The glass micropipets used to perfuse the tubules
have been described previously [12]. The method of perf u-
sion differs from other studies of isolated proximal tubules
in that a pump was not used [2, 13]. The perfusion pipet
was connected with plastic tubing to a small fluid reservoir
which could be adjusted to a position higher or lower
than the level of the bathing medium in the chamber.
in this manner the perfusion pressure could be held
relatively constant. Once the lumen was perfused the distal
end of the tubule was occluded by sucking a knuckle of
tubule into the tip of a holding pipet. The hydrostatic
pressure reservoir was then set at a position 5 to 10 cm
above the level of the serum bath and intermittent suction
was applied to the outer holding pipet to test for leakage
of perfusate between the inner pipet and tubular wall
at the perfusion end. Significant leaks were detected by
observing an abrupt decrease in lumen diameter or move-
ment of debris up the outer holding pipet as suction was
quickly applied. Once the perfusion end was sealed, we
tested for free communication between the lumens of the
tubule and the perfusion pipet by observing changes in
lumen diameter as the height of the fluid reservoir was
varied. Tubules were accepted for further study if there
was no leak at the perfusion end, if changes in perfusion
pressure caused abrupt changes in lumen diameter, and
if the tubular epithelium was morphologically intact.
To begin each experiment the temperature of the outer
bath was gradually increased to 37° 0.5° C by passing
current through a heating element embedded in the in-
cubation chamber, and the hydrostatic pressure was set
at the desired level. For most experiments the following
general protocol was used. After rinsing the tubule with
8 to 10 ml of serum at 37° C, 1.2 ml of serum (or other
bathing fluid) was left in the chamber. After five minutes
the bath was removed for measurement of net fluid absorp-
tion and fresh medium was added. The exchange of bath
medium took 30 seconds. After at least three consecutive
five-minute collections were obtained the composition
of the bath fluid was changed. Three or more five-minute
collections were made, in some studies the bath composi-
tion was changed again before a third set of collections, in
each study we define baseline as the rate of net absorption
in a bath of rabbit serum or 6% bovine serum albumin in
Ringer's medium.
We used conventional tests of statistical significance for
paired and nonpaired differences. The null hypothesis was
rejected at P<0.05.
Measurement of net fluid absorption. The objective of
these studies was to measure the effect of changes in the com-
position of the outer bath on the rate of net transtubular
fluid absorption. in previous studies of isolated proximal
tubules perfused with a pump, net fluid absorption was
calculated from the change in concentration of impermeant
marker (inulin or albumin) coliected at the distal end of
the tubule [2, 13]. Since in the present study the distal
end was occluded, net absorption was equal to the rate
of movement of fluid out of the perfusion pipet. it is
assumed that under these conditions net tubular fluid
absorption is isosmotic. To measure the rate of fluid
delivery out of the pipet we included tritiated water
(II20 0.2 mCi/mI, international Chemical and Nuclear
Corporation, irvine, Calif.) in the perfusate as a volume
marker. Isotope leaves the perfusion pipet primarily owing
to the bulk flow of perfusate into the tubular lumen as a
consequence of net fluid absorption. The entrained isotope
diffuses readily from the lumen into the external bath
where it is quantitatively recovered. The volume of the
external bath was 1.2 ml. To recover the perfused isotope
1.0 ml of the bath fluid was drained into a scintillation
vial and followed with a 1.0 ml rinse. To begin the next
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period 1 ml of fluid was added to the bath. In this manner
more than 90 % of the isotope in the bath was recovered
in each collection period. Net fluid absorption (F) was
calculated from:
3H20 bath (cpm)F (nl/min . mm) = H20 perfusate (cmp/nl) .t . L
where t is time (mm) and L is tubular length (mm).
To determine tritium activity in the bath 20 ml of
scintillation fluid (2,5-diphenoxyloxazole, 5.5 g/liter; 1,4-
bis [2-(4-methyl)-5-phenyloxazole] benzene, 0.15 g/liter;
Triton X-100, 330 ml/liter, and toluene, 670 mI/liter) were
added to each vial containing 2 ml of bath fluid. The stand-
ards and the bath samples were counted in a Nuclear
Chicago Model 6860 Scintillation Spectrometer. The count-
ing rate of the experimental samples was greater than
100 cpm and background was approximately 15 cpm.
Bath media. Pooled rabbit serum was purchased from
KAM Laboratories Incorporated, Grandview, Missouri.
The serum was heated to 56° C for 30 minutes to inactivate
complement and passed through a coarse filter to remove
strands of fibrin. The osmolality was adjusted to 290±
5 mOsm/kg with distilled water. The total protein con-
centration was on the average 6.0 g/100 ml and was 67%
albumin and 33 % globulin by electrophoretic analysis.
A balanced electrolyte solution (referred to hereafter as
"Ringer's") contained: NaCI, 115 mM; KC1, 5 mM;
NaHCO3, 25 mM; Na acetate, 10 mM; NaH2PO4, 1.2 mM;
MgSO4, 1.2 mM; CaCI2, 1.0 mM; and dextrose, 5.5 m.
To this was added different amounts of concentrated
bovine serum albumin (35 % solution in saline, Sigma
Chemical Company, St. Louis, Missouri). The concentrated
albumin had been dialyzed at 100 C in cuprophane tubing
against Ringer's for 18 hours. The total protein concen-
tration of the final medium was adjusted using a refracto-
meter.
Perfusion media. An ultrafiltrate of rabbit serum was
made at 10° C using an Amicon ultrafiltration device
housing a XM-50 Diaflo membrane (Amicon Corporation,
Lexington, Massachusetts). In some experiments the ultra-
filtrat. was also used as bath medium.
Ringer's was also used as perfusate. In some studies
the acetate, a relatively large organic anion, was quanti-
tatively replaced with chloride. In others the concentration
of glucose was varied in the perfusate and bath. These sub-
stitutions are noted in the Results.
Results
Method of measuring net fluid absorption. The major
sources of potential error in the measurement of net fluid
absorption using the present method are leaks at the ends
of the tubule. A very tight seal was easily formed at the
distal end. Leakage at the perfused end was more of a
problem since the tubule had to be impacted around the
inner pipet. We tested for leaks at the beginning and con-
Fig. 1. Relation between tubular length and net fluid absorption of
proximal convoluted tubules. See text for details.
clusion of the experiments. In the unusual case in which
the seal was incompetent, the experiment was discarded.
Another problem of this method derives from the fact
that the tracer may diffuse out of the perfusion pipet as
well as being carried out by bulk flow. The potential
magnitude of this error was estimated in two ways. In six
studies tubules were hooked up in the usual fashion and the
hydrostatic pressure was reduced to zero cm H20 causing
the lumen to collapse. We then collected the external
bath fluid and measured the 3H20 activity. On the average a
quantity of 3H20 equivalent to 0.09 sD 0.03nI/mm escaped
into the outer bath. In other studies we measured net
absorption in the usual manner using the full length of
tubule. The tubule was then recrimped near the perfusion
pipet and absorption measured. Four representative studies
are shown in Fig. 1. If we assume a linear relation between
net absorption and tubular length, extrapolation of the
lines to a tubular length of zero provides a maximal
estimate of the flux of 3H2O which may be unrelated
to net fluid absorption. In 23 such studies the average
"non-absorptive" flux was 0.14±sD 0.05 nI/mm. Thus,
the potential error in the estimation of net absorption
due to the diffusive flux of 3H2O is relatively small in
comparison to the average net flux of water.
Influence of perfusate and bath composition on baseline
net absorption. Tune and Burg [14] have demonstrated
significant net absorption of glucose by isolated proximal
tubules. Thus, owing to the slow rate of perfusate delivery
in our studies the lumenal fluid of convoluted tubules is
probably depleted of glucose toward the distal end. We
determined net water absorption using perfusates contain-
ing 50, 100, or 150 mg/100 ml glucose. As shown in Table I,
in the initial baseline periods the absorptive rates for
acetate-free Ringer's perfusate were comparable for glucose
concentrations of 50 and 150 mg/100 ml.
Baseline absorptive rates with acetate in the perfusate
were somewhat lower than in the absence of the organic
1.2
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Perfusate
Ringer's — no acetate Ringer's Ultra-
Bath glucose with acetate filtrate
50 mgI 150 mg/ 100 mg/ 120 mg/
100 ml 100 ml 100 ml 100 ml
ni/rn/n mm ni/mm mm ni/mm mm
I. PCT
Serum 0.96±0.12 1.19±0.11 0.83±0.08 0.84±0.09
(12] [5] [13] [18]
6% BSA- 0.95 0.16 0.94 0.08 0.77 0.08
Ringer's [14] [16] [8]
II. PST
Serum 0.31 0.04
[11]
6% BSA- 0.33 0.02
Ringer's [16]
anion. Also baseline absorption with serum ultrafiltrate
as perfusate was slightly lower than when acetate-free
Ringer's was perfused in a bath of rabbit serum.
In all studies the external bath was either a bicarbonate-
Ringer's solution or a derivative of rabbit serum. As shown
in Table 1, net absorption in serum was comparable to that
of 6% BSA-Ringer's, either with or without acetate in the
perfusate.
In the studies of proximal straight tubules we used
only acetate-free Ringer's perfusate with a glucose con-
centration of 50 mg/100 ml. As shown in Table 1 there
was no appreciable difference in net absorption in the
control periods when serum or 6 % BSA-Ringer's was the
external bath.
Effect on absorption of changing the bath protein con-
centration, FCT. We determined the effect of reducing
the bath protein concentration following an initial in-
cubation period in either rabbit serum or 6% BSA-Ringer's.
The detailed information from two representative studies
are shown in Table 2. The results of studies in which the
initial medium was serum are summarized in Fig. 2. Six
tubules were kept in serum for 30 mm to determine the
stability of net absorption. Since after about 10 mm net
absorption was reasonably constant, we have expressed
changes in relation to the absorptive rate in serum in the
third (15 mm) collection period. In another group of
tubules the bath was changed to Ringer's containing 5%
rabbit serum (total protein: 0.3 g/l00 ml) in the experi-
mental period. Net absorption decreased by 42.6% after
15 mm in the low protein bath. In yet another group of
tubules we replaced the initial serum bath with ultrafiltrate
(ultrafiltrate was also the perfusate) and net absorption
Collection 3H20 bath Net Net
period net cpm absorption
ni
absorption
ni/rn/n mm
Expt. 15
Hook up tubule in serum bath with Ringer's perfusate.
Pressure 5 cm H20, Length 3H20 54.0 cpm/nl
0.83 mm perfusate,
Change bath to 6% BSA-Ringer's
1 193 3.57 0.86
2 196 3.63 0.87
3 208 3.85 0.93
Change bath to 0.3% BSA-Ringer's
4 154 2.85 0.69
5 109 2.02 0.49
6 100 1.85 0.45
7 94 1.74 0.42
8 95 1.76 0.42
9 90 1.67 0.40
decreased by 35.7% in 15 mm. It is notable that net
absorption decreased significantly five mm after decreasing
the bath protein concentration in both studies.
The results of studies in which the initial bath medium
was 6% BSA-Ringer's are summarized in Fig. 3. As in the
foregoing studies using serum, net absorption was stable
after 10 mm in the initial medium. In three other groups
of tubules we examined the effect of different concentra-
tions of albumin in the experimental periods following
15 mm of incubation in 6% BSA-Ringer's bath. Reduction
of the BSA to 3 % caused a decrease in absorption of 14.4%
after 15 mm. It should be noted that in the next group
of studies in which 1 % BSA was added in the experimental
period, the baseline net absorption was lower than in the
other control periods. The 1 % BSA experiments were
performed at a time when only relatively large rabbits
(3 kg) were available. Although the tissue was not morpho-
logically different from that obtained from smaller animals,
it is possible that the difference in baseline absorption in
comparison to the other groups was related to the age
of the animal. Reduction of the bath protein to I % caused
net absorption to decrease 28.6% after 15 mm. When 0.3%
BSA-Ringer's was substituted for the control bath, net
absorption decreased 40.7% in 15 mm. In all studies in
Table 1. Influence of perfusate and bath composition on baseline
fluid absorption
Table 2. Effect of low protein bath on net fluid absorption of
proximal convoluted tubules
Expt. 19
Hook up tubule in serum bath with ultrafiltrate perfusate.
Pressure 10 cm H20, Length 3H20 56.8cpm/nl
0.81 mm perfusate,
1 249 4.38 1.08
2 256 4.51 1.11
3 275 4.84 1.19
Change bath to ultrafiltrate
4 190 3.35 0.83
5 183 3.22 0.79
6 181 3.19 0.79
7 158 2.78 0.69
Absorption values are from the initial baseline period. Values
for net absorption are means 5EM. The number of individual
tubules is in parenthesis.
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Fig. 2. Proximal convoluted tubules: Effect of hypo-oncotic media
on net absorption in tubules initially bathed in rabbit serum. Three
groups of tubules were studied. Upper panel: tubules were bathed
in 100% rabbit serum continuously for 30 mm. Middle panel:
the bath was changed from 100% serum to 5 % rabbit serum
(0.3 g/100 ml total protein). Lower panel: the bath was changed
from 100% serum to an ultrafiltrate of serum. (*) indicates a
significant change of absorption from the baseline value in
100% serum (mean 5EM). The absolute rate of baseline absorp-
tion and number of tubules is indicated for the 10 to 15 mm
collection period, ni/mm mm SvM.
which the bath protein concentration was reduced, net
absorption was significantly depressed five mm after
changing the bath composition.
Effect on absorption of changing the bath protein concen-
tration, PST. The effect of acutely lowering the bath protein
concentration to 0.3 g/l00 ml in proximal straight tubules
is summarized in Table 3. As noted previously for other
studies of PST's the initial rate of net absorption in serum
and 6% BSA-Ringer's was similar. Net absorption de-
6%BSA1 6%BSA
---
,0
0.87±0.11
6%BSA1 3°/0BSA
/ I----.
0.85±0.13
N=7 N=l0
6%BSA I 1%BSA 6%BSA 0.3%BSA
. -I
Baseline
absorption
ni/mm mm
Decrease
of absorption
in 0.3% protein bath
Serum bath 0.28 0.03 [11] 31.1 4.2%
6% BSA-Ringer's 0.30±0.02 [10] 55.2±5.2%
bath
Baseline absorption was measured in either serum or 6% BSA-
Ringer's bath in the initial 15 minute period. In both groups the
initial high protein medium was mixed with Ringer's to a final
total protein concentration of 0.3 g/100 ml. Values are means
sEal of paired studies with number of individual tubules in
parenthesis.
creased significantly in both groups of tubules after the
protein concentration had been reduced to 0.3 g/lOOml.
Reversibility of depressed net fluid absorption. In ten con-
voluted and seven straight tubules net absorption was
measured in the low protein bath and after replacement
of the initial solution of high protein concentration. As
shown in Fig. 4 in all tubules there was an increase of net
absorption toward the original baseline when the initial
high protein medium was added. For the PCT's the change
of absolute absorption between the ultrafiltrate period
and the first collection period in rabbit serum was 0.17±
SEM 0.04 nl/min mm, P<0.005. For PST's the change of
absolute absorption between the 0.3 % BSA period and the
first collection period in 6% BSA-Ringer's was 0.12±
SEM 0.02 nI/mm mm, P<0.005.
Effect of diluting rabbit serum with 6% BSA-Ringer's.
In nine convoluted tubules we examined for a transport
stimulating substance in rabbit serum. Three volumes of
rabbit serum were mixed with 7 volumes of 6% BSA-
Ringer's. The total protein concentration of the mixture
was therefore unchanged from that of the original serum
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Fig. 3. Proximal convoluted tubules: Effect of hypo-oncotic media
on net absorption in tubules initially bathed in 6% BSA-Ringer's
solution. Four groups of tubules were studied. See Fig. 2 for
explanation of symbols.
Table 3. Effect of decreased bath protein concentration on net
absorption in proximal straight tubules
15
Minutes
Influence of proteins on proximal absorption 71
Rabbit I Ultra-
serum filtrate Rabbit serum
• .
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Fig. 4. Reversal of depressed net fluid absorption. PCT: tubules
were bathed in 100% serum initially to determine baseline ab-
sorption, and then were incubated in ultrafiltrate for at least
15 mm before the bath was changed back to 100% serum. PST:
tubules were bathed in 6% BSA-Ringer's initially to determine
baseline absorption, and then were incubated in 0.3 % BSA-
Ringer's for at least 15 mm before the bath was changed back
to 6% BSA-Ringer's. The time course of the change in net fluid
absorption of convoluted and straight tubules after immersion
in the original "baseline" medium is depicted. Data points are
means SaM.
Table 4. Efi'ect on absorption of diluting serum with 6% BSA-
Ringer's and plain Ringer's, PCT's
Bathing fluid Serum 7 parts 7 parts Ringer's
Total protein 6% BSA- 3 parts serum
Ringer's
3 parts serum
g/100 ml 6.2 6.2 1.8
Experiment ni/mm mm
Percent change from baseline
absorption in plain serum
69 1.15 4.3 —34.8
70 1.21 —37.2 —42.17l 0.98 3.0 —32.7
72 0.38 0 —34.2
73a 0.61 —14.7 —13.1
74& 0.81 11.1 —13.6
75 0.96 14.5 —13.5
100 0.90 — 6.7 —28.9l0l 0.96 16.7 —12.5
Mean±sEM 0.88±0.06 — 1.0±5.3 —25.0±3.7
P > 0.05 <0.001
a These tubules were bathed in the 6% BSA-Ringer's serum
medium during the initial 15 mm period after which the bath
was changed to plain serum for 15 mm and then to low protein
serum for 15 mm. In the remainder the bath was plain serum
initially followed by 6% BSA-Ringer's+ serum and low protein
serum.
TableS. PTC: Effect on absorption of diluting serum with 12%
BSA-Ringer's and plain Ringer's, PCT's
Bathing fluid Serum 7 parts 7 parts Ringer's,
12% -BSA- 3 part serum
Ringer's,
3 parts serum
Total protein
g/lOOml 6.2 10.0 1.8
Exçeriment nl/min mm
Percent change form baseline
absorption in plain serum
60 0.50 — 6.0 —26.0
61 0.90 — 4.4 —37.0
62 1.28 —14.1 —47.7
63 1.36 —26.5 —44.1
64 0.90 —23.3 —47.8
65 1.85 —15.7 —27.0
66 1.45 + 32.4 — 6.9
67 0.56 —17.9 —28.6
Mean±sEM 1.10±0.16 — 9.4±6.1 —33.1±4.6
P > 0.05 < 0.001
PCT
0
—10
—20
—30
-4o
1
0a0
-10
-20
.E —30
—50
—60
—70
and 6% BSA-Ringer's. As shown in Table 4 net absorption
in plain serum was not significantly different from that
in the serum-BSA mixture. When, however, the serum
was diluted to the same extent with plain Ringer's, the final
protein concentration was 1.8 g/100 ml and net absorption
decreased 25 %.
Effect of hyperoncotic bath. After initial incubation in
plain serum in eight convoluted tubules, the protein con-
centration of the bath was increased to 10.0 g/lOO ml by the
addition of concentrated bovine albumin. In seven of the
eight studies net absorption decreased (Table 5), though
on the average the change was not statistically significant.
When the protein was subsequently reduced to 1.8 g/100 ml
net absorption was decreased in all tubules. In another
group of eight tubules bathed initially in 6% BSA-Ringer's
the protein concentration of the bath was increased to
10.0 g/l0O ml by adding concentrated BSA. Net absorption
in these tubules decreased 17.2±5.1% after 15 mm in the
10.0 g/100 ml protein bath.
Effect of ouabain on net absorption. Ouabain inhibits
net fluid absorption in isolated proximal tubules [13] and
net Na and K transport in isolated collecting tubules [15].
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Fig. 5. Effect of ouabain on net fluid absorption.
As shown in Fig. 5, ouabain, 5x 105M markedly de-
pressed net fluid absorption in both proximal convoluted
and straight tubules. The glycoside caused swelling of the
renal tubular cells in both proximal segments. The reduc-
tion in net absorption was not due to occlusion of the lumen
by swollen cells. We tested for lumen patency by raising
and lowering the perfusion pressure 3 to 4 cm H20 at the
conclusion of each study. In all cases the lumen was patent
as indicated by changes in tubular diameter in response
to changes in pressure. In four studies in which proximal
convoluted tubules were incubated in 0.3% BSA-Ringer's
medium causing net absorption to decrease on the average
30% below baseline, the subsequent addition of 5 x 105M
ouabain caused net absorption to decrease further to 70%
below the original baseline.
Effect of hydrostatic pressure on net absorption. The effect
of increasing the transtubular hydrostatic pressure was
tested in 17 proximal convoluted tubules as shown in
Fig. 6. In these experiments the pressure was always
changed to a higher value. Hydraulic conductance was
estimated from the slopes in Fig. 6. In four tubules in-
o__
2 6 10 14 18
Hydrostatic pressure, cm H20
Fig. 6. Effect of increased lumenal hydrostatic pressure on net
fluid absorption of proximal convoluted tubules. Open circles,
tubules bathed in 6% BSA-Ringer's; closed circles, tubules
bathed in 0.3% BSA-Ringer's.
cubated in 6% BSA-Ringer's the average hydraulic con-
ductivity (AF/4P, 0.005± SEM 0.003 nI/mm mm cm H20)
was insignificantly different from zero. Thirteen tubules
were incubated in 0.3% BSA-Ringer's for at least 15 mm
before the pressure was elevated. In these the average con-
ductance (0.002± 0.003 nl/min mm cm H20) was also
statistically insignificant from zero. The results reflect
the combined influence of pressure on passive net fluid
flow and flow coupled to active solute transport. Although
the hydraulic conductance of the epithelium cannot be
quantified precisely in this manner in so few studies, such
data provide a reasonable estimate of the influence of
hydrostatic pressure on net fluid absorption. It appears
that the hydraulic conductance of the tissue is relatively
low, as reported previously [2, 3], and that there was not a
perceptible increase in permeability when the tissue was
incubated in the low protein bathing medium.
Discussion
In this study we have used a new technique for meas-
uring net transtubular fluid absorption in isolated renal
tubules. The method derives from an earlier study of
Solomon [16] in which net absorption of proximal tubules
in situ was estimated from the rate of infusion from a
micropipet required to keep a column of perfusate con-
stantly positioned between two oil drops. Our method
differs principally in that net absorption is estimated from
the clearance of a permeable isotope in the blocked nephron,
a design feature originally suggested by Dr. Maurice Burg.
In the present study we present evidence to indicate that
the appearance of tritiated water in the external bath
is primarily a result of bulk flow of labelled perfusate from
the pipet into the lumen with diffusion of the isotope from
the tubular lumen. Though a small error in estimating net
absorption is possible owing to diffusion of 3H20 out
of the pipet, the diffusion error is constant within any single
tubule; thus, the change in isotope clearance induced
in any given study by removing the bath protein, adding
ouabain, or increasing hydrostatic pressure, reflects changes
in net tubular fluid absorption primarily. The direct rela-
tion between net absorption and tubular length and the
potent inhibitory effect of ouabain provides additional
evidence to support the view that the clearance of tritiated
water is a reliable measure of net fluid absorption.
The values for absolute transport rate compare favorably
with previous studies of rabbit nephrons in vitro [2, 13, 17].
En our study the absorptive rate of proximal convoluted
tubules was approximately three-fold greater than that
of the pars recta portion. Burg and Orloff [13] found a two-
22 26 fold difference between the convoluted and straight por-
tions in their study of continuously perfused proximal
segments.
The method of perfusion used in the present studies
has several advantages over that in which a pump is used.
In the present method the measurement of net absorption
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does not require the collection of perfusate from the distal
end of the tubule. Thus, the errors of measuring nanoliter
volumes of collected fluid and of measuring the con-
centration of the impermeant marker have been eliminated.
Another advantage of our method is that at the low rates
of perfusion small differences in osmolality between the
perfusate and external bath should have an insignificant
effect on net water flux. In contrast, at rates of perfusion
commonly used with a pump (10 nI/mm or greater), a
difference between perfusate and bath of a few milliosmols/
kg may alter net fluid absorption significantly [2]. Also in
the present method the transmembrane hydrostatic
pressure difference can be set at a prescribed value and held
relatively constant. When a pump is used the transmembrane
pressure difference is not known and probably varies within
an experiment owing to changes in the resistance to outflow
at the distal end of the tubule.
There are at least two disadvantages of the present
method which may limit its usefulness. The concentration
of intralumenal substances is probably not constant along
the length of tubule. For example, the concentration of
glucose and bicarbonate probably are decreased near the
distal end of the tubule whereas chloride is probably in-
creased. Kokko and Rector [18] report that the removal
of HCO and glucose from the perfusate decreased the
transtubular potential difference in isolated proximal
tubules. They did not examine the effect of slowed flow on
net transtubular fluid transport. In our studies the observa-
tion that net absorptive rate in the steady state was com-
parable to that observed by previous investigators in
isolated continuously perfused rabbit nephrons would seem
to militate against the possibility that changes in lumenal
bicarbonate and glucose concentration significantly affect
net absorption in distally occluded tubules. Further, we
used different concentrations of glucose in the initial
perfusate and found no appreciable difference in net fluid
absorption in proximal convoluted tubules. Another dis-
advantage of our method is that bidirectional solute and
water fluxes cannot be measured, information that is
critical for determining mechanisms of transport.
On the basis of these studies it is clear that the con-
centration of serum proteins in the external bath has a
significant influence on net water absorption, and by in-
ference net solute transport, in the proximal tubule. Since
the studies were performed using isolated nephron segments
in vitro the effect of protein can be dissociated from changes
in peritubular hydrostatic pressure, extratubular inter-
stitial volume and renal blood flow, in contrast to in vivo
studies. With regard to the mechanism by which protein
influences net absorption, three of the possibilities that
may be considered are: 1) a direct interaction of serum
proteins with renal tubular plasma membranes, 2) changes
in the passive transtubular flow of solute and water owing
to changes in the transtubular oncotic pressure, 3) an
oncotic effect of protein across the tubular basement mem-
brane, primarily.
There is evidence from studies of skeletal muscle to
suggest that serum proteins may affect transmembrane
electrolyte transport. It has been repeatedly shown that
serum proteins have a beneficial effect on the maintenance
of transmembrarie electrolyte concentration and electrical
potential differences in vitro [19—23]. The relation between
the concentration of serum proteins and cellular electrolyte
concentrations has not been clearly defined. In a recent
report Akaike [23] found that external medium containing
as little as 2% serum had a beneficial effect on the mainte-
nance of cellular electrolyte concentration and that 10%
serum had an even more profound effect. He did not
examine the effect of 100% serum. In this regard, little
information pertaining to the kidney is available. Whittem-
bury, Sugino and Solomon [24] observed that transmem-
brane electrical potential of Necturus proximal tubular
cells in vitro was more negative in a bath of serum than in
an artificial balanced salt solution. In studies of renal slices
and suspensions the influence of serum proteins has not
been examined systematically, to our knowledge. The
possibility remains, therefore, that the concentration of
serum proteins in the peritubular fluid may affect the steady
state transport of electrolytes across the basilar plasma
membrane, and thereby, influence transtubular absorption.
The present studies do not support the suggestion that
net transtubular fluid absorption is a consequence of
passive transport arising from differences in oncotic
pressure only. Changes in transmembrane hydrostatic
pressure had a negligible effect on net fluid absorption,
indicating that the hydraulic conductivity of the tubular
wall is relatively low. Moreover, proximal tubules continue
to absorb fluid, though at a reduced rate, in the absence
of protein in the external bath. Further, the relation
between net absorption and the protein concentration
of the bath was not that expected of a passive system. As
pointed out by Landis and Pappenheimer [25], the osmotic
activity coefficient of serum protein solutions increases with
increasing concentration. Were transport between lumen
and bath entirely passive, as serum protein concentration
was increased in our studies net absorption should have
increased out of proportion to the change in protein con-
centration. While we observed that absorption was directly
related to external protein concentration between zero and
6.0 g/100 ml, absorption actually decreased slightly when
the protein concentration was increased to 10.0 g/100 ml.
In similar studies, Imai and Kokko [17] observed that
above 6.0 g/100 ml protein net absorption also did not
change in proportion to the increase of osmotic activity.
Finally, ouabain, well known for its inhibitory effect on
active electrolyte transport, decreased net fluid absorption
in proximal tubules. In view of these considerations it is
clear that net fluid absorption in isolated proximal tubules
is not a consequence of passive transport only.
There are several possibilities as to how the change in
bath oncotic pressure may be imparted to the process of
net fluid absorption. Humphreys and Earley [26] and Imai
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and Kokko [17] have proposed interesting roles for serum
proteins in the regulation of net fluid absorption in the in-
testine and isolated renal tubules, respectively. In the gut
it is clear that extracellular fluid volume expansion with
saline reduces the lumen to blood net sodium and water
flux, an effect than can be partially reversed by raising
the oncotic pressure of the animal's blood with albumin.
The oncotic effect is thought to be mediated across the
capillaries primarily. It is suggested that decreased capillary
oncotic pressure reduces the uptake of intestinal absorbate
from the interstitium resulting in an increase in the hydro-
static pressure within the interstitium and the lateral inter-
cellular spaces of the epithelium. The rise in local inter-
cellular pressure presumably opens the apical intercellular
junction permitting backflow of solute and water into the
intestinal lumen. In support of this view is the observation
that the transepithelial permeability to sodium and inulin
is increased by volume expansion.
Of interest in this regard are the observations of Imai
and Kokko [17] and us in the isolated proximal tubule.
Both groups of investigators have found that reduction
of bath protein concentration decreases tubular net fluid
absorption. In contrast to the studies of intestine, this effect
cannot be related to capillary uptake of absorbate since
the blood supply is totally interrupted during the dissec-
tion of the tubules. Thus, the protein effect may be gen-
erated, at least in part, across the tubular basement mem-
brane or within the epithelial layer. In previous studies
from our laboratory we found evidence that the basement
membrane, while highly permeable to low molecular
weight solutes and water, restricted the movement of serum
proteins [27]. The possibility exists, therefore, that a reduc-
tion in bath protein around the isolated proximal tubule
may decrease the rate of oncotic flow of absorbate across
the basement membrane, leading to a buildup of hydro-
static pressure in the presumed intercellular transport path.
Subsequent changes in net absorptive rate may depend on
an increase in permeability of the apical junctional com-
plex, as suggested for the intestine [26]. Imai and Kokko
[17] found evidence of increased transtubular permeability
to sucrose after removal of bath protein which they inter-
pret as consistent with an anatomic change in the inter-
cellular space and tight junctions. Thus, the weight of
current evidence favors the view that changes in pen-
tubular oncotic pressure influence net fluid absorption
by varying the rate of backflux of solute and water through
the paracellular channel. An observation of the present
study does not at first glance appear to be consistent with
the backflux hypothesis. We were unable to detect a change
in transtubular absorption in response to elevated lumenal
hydrostatic pressure of tubules in hypo-oncotic media.
Were the conductance of the apical intercellular junction
in hypo-oncotic medium increased sufficiently to allow
retrograde flow of 40% of the absorbed fluid from the inter-
cellular space into the tubular lumen, we should have
detected an effect of hydrostatic pressure on net absorp-
tion. This may indicate that either the conductance of the
apical junction had not increased, or alternatively, that
there may be rectification of bulk fluid transport in the
paracellular channel. Two observations are consistent
with the latter possibility. First, Kokko, Burg, and Orloff
[2] observed that proximal tubular hydraulic conductance
was greater when fluid moved from bath to lumen than
in the opposite direction. Secondly, both Imai and Kokko
[17] and we find that elevating the bath protein concentra-
tion above 6.0 g/100 ml does not change net absorption
to the same extent as when the protein concentration is
decreased. Incorporating these observations into the frame-
work of the "back-flux hypothesis" we suggest the following
role for peritubular protein in the regulation of net fluid
transport. Solute enters the cells from the lumen and is
actively transported into the lateral channel with the second-
ary flow of water by osmosis. Protein in the peritubular
fluid, owing to its oncotic effect, contributes to the move-
ment of intercellular space fluid across the tubular base-
ment membrane. We suggest further that the apical inter-
cellular junction is a rectifier for bulk flow; that fluid
may flow from the channel into the tubular lumen, but
not in the opposite direction readily. Thus, an increase
in the protein of the peritubular fluid above the baseline
concentration would have a lesser effect on net fluid absorp-
tion than when the oncotic pressure was decreased. In the
latter instance the pressure in the lateral channel would be
increased causing some of the absorbate to flow through
the apical junction into the lumen, thereby reducing net
transtubular fluid absorption.
Other aspects of the "back-flux hypothesis" remain to be
tested. In the foregoing discussion it is assumed that the
active component of net solute absorption is unaltered
by changing the peritubular protein concentration. It
would be instructive to know if energy consumption of the
tissue remains unaltered as well. Also, central to the
thesis is the supposition that the intercellular space is the
principal transtubular transport path. To our knowledge
no one has demonstrated convincingly that changes in
intercellular space volume accompany variations in net
solute and fluid absorption in the mammalian proximal
tubule.
Finally, we consider the possible relation of these in vitro
observations to the control of proximal tubular absorption
in vivo. The results support the possibility that changes in
interstitial fluid oncotic pressure may significantly affect
net fluid absorption by the tubule. The primary step in the
control of proximal absorption following changes in extra-
cellular fluid volume and serum protein concentration may
well reside within the peritubular capillary, as suggested
by others [8—10]. Since the renal lymph, a derivative of
interstitial fluid, has a protein concentration approximately
one-half that of normal serum [28], it seems highly probable
that changes in the rate of peritubular capillary fluid up-
take, in the course of extracellular fluid volume expansion,
or as a consequence of changes in filtration fraction, will
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affect the concentration of protein in the renal interstitium.
The oncotic pressure of the interstitial fluid may, in turn,
regulate the flow of absorbate across the tubular basement
membrane, and thereby, influence net transepithelial
absorption by one of the mechanisms discussed above.
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